Abstract: Dunes are present in nearly all fluvial channels and are vital in understanding sediment transport, deposition, and flow conditions during floods of rivers and estuaries. This information is pertinent for helping developing management practices to reduce risks in river transportation and engineering. Although a few recent studies have investigated the micromorphology of a portion of the Yangtze River estuary in China, our understanding of dune development in this large estuary is incomplete. It is also poorly understood how the development and characteristics of these dunes have been associated with human activities in the upper reach of the Yangtze River and two large-scale engineering projects in the estuarine zone. This study analyzed the feature in micromorphology of the entire Yangtze River estuary bed over the past three years and assessed the morphological response of the dunes to recent human activities. In 2012, 2014, and 2015, multi-beam bathymetric measurements were conducted on the channel surface of the Yangtze River estuary. The images were analyzed to characterize the subaqueous dunes and detect their changes over time. Bottom sediment samples were collected for grain size analysis to assess the physical properties of the dunes. We found that dunes in the Yangtze River estuary can be classified in four major classes: very large dunes, large dunes, medium dunes, and small dunes. Large dunes were predominant, amounting to 51.5%. There was a large area of dunes developed in the middle and upper reaches of the Yangtze River estuary and in the Hengsha Passage. A small area of dunes was observed for the first time in the turbidity maximum zone of the Yangtze River estuary. These dunes varied from 0.12 to 3.12 m in height with a wide range of wavelength from 2.83 to 127.89 m, yielding a range in height to wavelength of 0.003-0.136. Sharp leeside slope angles suggest that the steep slopes of asymmetrical dunes in the middle and upper reaches, and the turbidity maximum zone of the Yangtze River estuary face predominantly towards tides because of the ebb-dominated currents. Sharp windward slope angles in the lower reach of the North Passage show the influence of flood-dominated currents on dunes. It is likely that the scale of dunes will increase in the future in the South Channel because of a sharp decline of sediment discharge caused by recent human activities.
Introduction
Subaqueous dunes are bedforms produced in river channels, estuaries, and coastal zones [1] [2] [3] . They are formed with different sediment sizes, mostly ranging from medium sand to gravel [4] , and show rhythmic patterns caused by the interaction of turbulent flow on the riverbed [5] . The geometry of these dunes is a function of flow velocity, flow depth, and other physical parameters describing occurs from May to August [39] .
The Yangtze estuary is a mesotidal estuary with a water depth varying from 4.9 to 24 m. There exist regular semi-diurnal tides out of the mouth, and non-regular semi-diurnal tides inside, and the mean tidal range for years at Zhongjun Station nearby the mouth is 2.66 m, and a tidal flow velocity of approximately 1 m/s [37] , and the tide plays a very important role which influences mass transport of the runoff into the estuary [40] . 
Riverbed Measurements

Methods
Study Area
Draining a land area of approximately 1.8 million km 2 , the Yangtze River is the fourth largest river in terms of sediment load in the world [30] [31] [32] . The Yangtze River estuary is commonly considered as the 700 km long lowest reach of the Yangtze River that enters the East China Sea. The last 120 km estuarine section from Xuliujing to the following part presents a "three-order bifurcation and four outlets into the sea" pattern, which is divided first into the North and the South Branches by the Chongming Island (Figure 1 ). The South Branch is further divided into the North and the South Channels by the Changxing Island and the Hengsha Island. The South Channel is, again, further divided by the Jiuduansha wetland into the North Passage and the South Passage. The mouth bar section is geographically located between E 121˝45 1 -122˝30 1 and N 30˝45 1 -31˝45 1 . The turbidity maximum exists in the river mouth-bar area all year round, has high suspended particle material content in the waters due to the interaction of freshwater and tidal flows, and could extend to the 10 m isobath in the flood season [33] .
The multiyear averaged discharge was 29,300 m³/s at the Datong Hydrological Gauging Station, about 640 km up-estuary from the river mouth [34] . The runoff has obvious change with seasons, commonly with its minimum in January or February (dry season) while the maximum is in July or August (wet season) [35] . The annual mean suspended sediment load from the Yangtze River approaches 480 million tons [36] . It has been estimated that 40% of the sediment load is deposited in the Yangtze River estuary [37] . The sediments are mainly composed of fine sand, silt and clay in the Yangtze River estuary [38] . Hydrographic conditions in the Yangtze River estuary are governed by a southward current of relatively cold and brackish water known as the Jiangsu Coastal Current in the north and the Zhejiang-Fujian Costal Current in the south. Generally, a strong northeast winter monsoon prevails from late September to early April, and a weaker southwest summer monsoon occurs from May to August [39] . The Yangtze estuary is a mesotidal estuary with a water depth varying from 4.9 to 24 m. There exist regular semi-diurnal tides out of the mouth, and non-regular semi-diurnal tides inside, and the mean tidal range for years at Zhongjun Station nearby the mouth is 2.66 m, and a tidal flow velocity of approximately 1 m/s [37] , and the tide plays a very important role which influences mass transport of the runoff into the estuary [40] .
Riverbed Measurements
The bedforms of the South and North Channel, South and North Passage, Yuanyuansha waterwaye and the Hengsha passage in the Yangtze estuary were observed by using a Reson Seabat7125 MBES (Teledyne Technologies Inc, Thousand Oaks, CA, USA) during December 2012, February 2014, and February 2015 (Figure 2) , and the surface sediment samples were collected by the grab bucket. The working frequency of the MBES can be either 200 kHz or 400 kHz. With 400 kHz, the central beam angle is 0.5˝, and the beam width of launch is 1˝(˘0.2˝); the maximum ping is 50˘1 Hz with 512 beams; and the maximum depth resolution is 6 mm. Thus, the 400 kHz was used for the Seabat7125, with the transducer fixed on the left side of the surveying ship by cables and a custom-made shelf. The boat velocity was controlled to be as constant as possible at 2.5 m/s, and the ping was 20 Hz. The water depth of the survey site was about 20 m; thus, the maximum grid resolution was 0.3 m. Weather conditions were good during the survey period. (Figure 2) , and the surface sediment samples were collected by the grab bucket. The working frequency of the MBES can be either 200 kHz or 400 kHz. With 400 kHz, the central beam angle is 0.5°, and the beam width of launch is 1° (±0.2°); the maximum ping is 50 ± 1 Hz with 512 beams; and the maximum depth resolution is 6 mm. Thus, the 400 kHz was used for the Seabat7125, with the transducer fixed on the left side of the surveying ship by cables and a custommade shelf. The boat velocity was controlled to be as constant as possible at 2.5 m/s, and the ping was 20 Hz. The water depth of the survey site was about 20 m; thus, the maximum grid resolution was 0.3 m. Weather conditions were good during the survey period. 
Field Sampling
A total of 169 sea-bottom surface sediment samples (about 2 cm) were collected from the Yangtze River estuary between 2012 and 2015 using a grab (clamshell) sampler. Grain size of the samples was analyzed using a Mastersizer 2000 Laser Granulometer (Malvern Instruments Limited, Malvern, Worcestershire, UK). Sodium phosphate (Na2PO3)6 were used to disperse the samples; organic matter and CaCO3 in the samples were removed by using 10% H2Q2 and 10% HCL. The grain size of the samples was divided into clay (0.0005-0.004 mm), silt (0.004-0.0625 mm), and sand (0.0625-2 mm) [41] .
Data Analysis
The final multi-beam data were processed by draft correction and sound speed correction. Furthermore, calibrations of roll, pitch, and yaw were conducted. The abnormal beam was removed in the editing module by using PDS2000 software (Teledyne Technologies Inc, Thousand Oaks, CA, 
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Data Analysis
The final multi-beam data were processed by draft correction and sound speed correction. Furthermore, calibrations of roll, pitch, and yaw were conducted. The abnormal beam was removed in the editing module by using PDS2000 software (Teledyne Technologies Inc, Thousand Oaks, CA, USA). The tidal correction using the date of Wusong tide station and the base level were calibrated to the mean sea level; the altitude datum of the Wusong tide station level is 202 cm lower than mean sea level. By using a Trimble real-time differential global positioning system (DGPS), the accuracy was at the decimeter scale. In order to investigate the morphological changes in the North Channel and South Passage, we collected Admiralty charts (1:25,000 scales) of 2002, 2007 , and 2013 for the study area from the Maritime Safety Administration of the People's Republic of China. These charts are government official documents that have been used in many scientific studies conducted in the lower Yangtze River estuary (e.g., [42] [43] [44] ). In our study we digitized and analyzed the charts with Digital Elevation Model using ArcGIS software (ESRI, Redlands, CA, USA). Each dataset was interpolated to a grid with 200ˆ200 m cells using the kriging interpolation technique on the ArcGIS 9.3 platform, which is widely used in morphological change analysis on the basis of bathymetric data [45] [46] [47] . The long-term discharge and sediment load data between 2002 and 2013 were collected from the Yangtze River Sediment Bulletin.
Results
Channel-Bed Morphology Analysis
Riverbed feature surveys during fair weather conditions showed the occurrence of wide range of sizes of dunes in the Yangtze River estuary. Overall, with the dunes being 0.12 to 3.12 m high and possessing a range of wavelength from 2.83-127.89 m, yielding a range in height to wavelength of 0.003-0.136. The vast majority of the dunes are highly asymmetric, with leeside slope angles typically between 1.57˝and 29.0˝, and windward slope angles typically between 1.10˝and 15.51˝. According to the classification scheme of Ashley [1] , four classes of dunes are occurred in the Yangtze River estuary. Among all the observed dunes (1575), which very large dunes (>100 m in length) only amount to 0.3%, large dunes (10-100 m in length) predominantly occurred and amount to 51.5%, medium dunes (5-10 m in length) constitute 43.9%, and small dunes (0.6-5 m in length) represent 4.3%.
There is a large area of dunes developed in the middle and upper reaches of the Yangtze River estuary. With the dunes in the upper and middle reaches of South Channel being between 0.12 to 3.12 m in height (Table 1) , and possessing a range of wavelengths from 2.83-127.89 m, respectively, the mean ratio of height to length is 0.06, among which asymmetric dunes predominantly occurred, with leeside slope angles typically between 2.20˝and 29.0˝, and windward slope angles typically between 1.30˝and 13.78˝. While the dunes in the upper and middle reaches of North Channel have heights and lengths of 0.13-2.4 m and 4.3-106.72 m, respectively, the mean ratio of height to length is 0.047, among which asymmetric dunes predominantly occurred, with leeside slope angles typically between 1.57˝and 20.6˝, and windward slope angles are much shallower, typically ranging from 1.10t o 9.05˝.
There is also a large area of dunes developed in the Hengsha Passage. The dunes in the passage showed a wide range of heights (0.13-1.18 m) and lengths (3.74-20 m), with an average height of 0.49 m, an average length of 8.93 m, and an average height to length ratio of 0.056.
It is notable that dunes are observed for the first time in the turbidity maximum zone of the Yangtze River estuary (Figure 3 ). There is a small range of dunes developed in the mouth bar area of the North Channel, the middle and lower reaches of the North Passage and the south side of Jiangyanansha of the upper reach of the South Passage, respectively. Two classes of dunes occurred in the turbidity maximum zone. Among all the observed dunes (215), which large dunes predominantly occurred and amount to 69.77%, the medium dunes constitute 30 
Types and Grain Size of Sediment
Comparative analysis of the medium size of sea-bottom sediment of synchronous acquisition for go to survey of the Yangtze River estuary in recent years, as the results show ( Figure 4 , Table 2 ): the sea-bottom sediments distributed in Yangtze River estuary is mainly composed of fine sand, silty sand, sandy silt, silt, and clayey silt. 
Discussion
Factors Influencing Dune Formation in the Yangtze River Estuary
Development of dunes is related to several factors including flow conditions, sediment supply, and bed materials. Dunes are generally formed in the sandy deposit zone where mean grain size of sediments is greater than 0.125 mm [28] . However, the sea-bottom sediments distributed in the most regions of the Yangtze River estuary is mainly clayey silt, silt, and sandy silt in recent years, so the smooth surface is very common in the Yangtze River estuary. The main sea-bottom sediment distributed in the middle and upper reaches of the South and North Channels, Hengsha Passage, the upper reaches of the South Passage, the local area of the North Passage, and the local area of the mouth bars area of the North Channel is fine sand, which is one of the influence factors for the dunes developed in the above areas. Sufficient sediments are the foundation for the development of dunes [48] . Total sediment discharge amounts to approximately 5ˆ10 11 kg annually, and about 0.8ˆ10 11 kg of coarser grain-size sediment is annually deposited within the estuarine zone [28] , which provides a rich source of sediments for development of dune.
Previous studies have shown that bed material was composed of silt and clay in the turbidity maximum zone of the Yangtze River estuary [49] . Recent studies also suggested that the main sediment distributed in the South Passage and North Passage in recent years was clayey silt and there were no dunes during any of the measurements [27, 50] . However, the results in this paper indicate that the main sediment distributed in the upper reach of the South Passage, the local area of the middle and lower reaches of the North Passage, and the local area of the mouth bar area of the North Channel is fine sand. Moreover, a small area of dunes has developed in the above areas, and the dunes are observed for the first time in the turbidity maximum zone of the Yangtze estuary.
The reasons why the dunes developed in the turbidity maximum zone may be related to the declining riverine sediment supply and estuarine engineering. Due to the sediment discharge from the Yangtze drainage basin rapidly decreasing and the implementation of the large-scale estuarine engineering within the North Channel, especially the construction of the Qingcaosha reservoir project in June of 2007, there was significant erosion in the middle and upper reaches of the North Channel [51] , and local erosion occurred in the mouth bar area of North Channel (Figure 5 ), resulting in a significant coarsening of the bed material in the area. Coarse sands can build dunes more easily than fine sands under the same flow conditions [52] . The dunes developed in the South Passage and North Passage were closely related to the Deeping Waterway Project. Due to the construction of two training walls and ten groins within the North Passage, the ebb flow diversion ratio of the North Passage and the South Passage changed significantly and the ebb flow diversion ratio of the South Passage increased significantly [42] . Consequently, the upper reach of the South Passage experienced significant erosion (Figure 6 ), resulting in a significant coarsening of the bed material in the area, which may have contributed to the development of dunes in the upper reach of the South Passage. The hydrodynamic of the local area of the North Passage changed obviously because of the dredging project [42] , which may be associated with the development of dunes in the local area of the middle and lower reaches of the North Passage.
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Factors Influencing and Denotative of Dune Geometry
Scale of dunes are dependent on the river discharge, with large dunes occurring in the highdischarge regime, and medium dunes occurring in the low-discharge regime in the Yangtze River estuary [28] . The ebb-flow diversion ratio of the North Channel is larger than the South Channel in the recent years [53] , while the water and sediment discharge of the Hengsha Passage is lesser. Consequently, much larger dunes (an average height of 1.11 m and an average length of 25. increased significantly [42] . Consequently, the upper reach of the South Passage experienced significant erosion (Figure 6 
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Scale of dunes are dependent on the river discharge, with large dunes occurring in the high-discharge regime, and medium dunes occurring in the low-discharge regime in the Yangtze River estuary [28] . The ebb-flow diversion ratio of the North Channel is larger than the South Channel in the recent years [53] , while the water and sediment discharge of the Hengsha Passage is lesser. Consequently, much larger dunes (an average height of 1.11 m and an average length of 25. The mean ratio of dune height to dune length is 0.06 and 0.047 for the upper and middle reaches of the South Channel and North Channel, respectively, and 0.056 for the Hengsha Passage, indicating that there is little difference in the geometry of these dunes. The mean leeside slope angle of the dunes in the channels (9.02˝, 7.47˝, 9.84˝, 3.40˝, and 1.81˝) is significantly larger than the mean windward slope angles of dunes (5.74˝, 4.40˝, 5.14˝, 1.82˝, and 1.65˝) in the upper and middle reaches of the South Channel and North Channel, the mouth bar area of the North Channel, the upper reach of the South Passage, and the middle reach of the North Passage, respectively. The results suggest that the steep slopes of asymmetrical dunes in the middle and upper reaches, and the turbidity maximum zone of the Yangtze River estuary face predominantly towards tides because of the ebb-dominated currents [28] . While the mean leeside slope angles of 2.85˝is significantly smaller than the mean windward slope angles of 5.85˝in the lower reach of North Passage, indicating the steep slopes of asymmetrical dunes face upstream because of the flood-dominated currents. In addition, the leeside slope angles have low angles of (3.40˝, 1.81˝, and 2.85˝) in the upper reach of the South Passage and the middle and lower reaches of the North Passage, which may be related to deposition of suspended sediment in the dune troughs [55] .
The factors that have significant influences on the morphological change of dunes are flow regime, channel pattern, and bed materials. In the past years, discharge of the Yangtze River estuary and the channel pattern of the South Channel have not changed much ( Figure 7) . Therefore, the morphological change of dunes could be mainly attributed to the change in sediment supply in the South Channel. During 2002 and 2013, sediment discharge at the Datong station fluctuated greatly with a declining trend, which may have contributed to bed erosion of the bifurcation of the North and South Channel [27] . The erosion of the shoals has led to a large quantity of coarser sediments being transported into the South Channel, resulting in the growth of the dunes and the seaward of the dune zone and in the South Channel [27] . Consequently, it is likely that the scale of dunes will increase in the future. (Table 3) . 
Conclusions
This study analyzed the recent development and characteristics of riverbed micromorphology of the Yangtze River estuary. The findings show that a large area in the middle and upper reaches of the estuary riverbed has developed dunes, indicating that dunes were well developed in channels where sands were the dominant component of bed material. A small area of dunes was observed for the first time in the turbidity maximum zone of the Yangtze River estuary, which may have resulted 
This study analyzed the recent development and characteristics of riverbed micromorphology of the Yangtze River estuary. The findings show that a large area in the middle and upper reaches of the estuary riverbed has developed dunes, indicating that dunes were well developed in channels where sands were the dominant component of bed material. A small area of dunes was observed for the first time in the turbidity maximum zone of the Yangtze River estuary, which may have resulted from a declining riverine sediment supply and estuarine engineering. Large dunes were found predominant, amounting to 51.5%, which could possess serious safety risks in estuarine engineering, pipeline construction, and sailing. These large dunes may also have the potential to decrease navigable depths, thus making frequent dredging activities necessary and increasing dredging costs. It is likely that the scale of these dunes will increase in the future in the South Channel due to a sharp decline of sediment discharge caused by the recent human activities in the upper river reach. There is a need to further investigate the origin and characteristics of subaqueous dunes in the Yangtze River estuary, and determine how micromorphology of the estuarine bed is affected by upstream river engineering.
